T HE PRESENT investigation was undertaken as part of a larger study intended to provide additional information about the pathophysiology of essential hypertension. A great deal of valuable information pertaining to the pathophysiology of this disease has been obtained by numerous investigators and has been critically summarized.1 4 Many of the pertinent studies designed to reveal the basic hemodynamic alterations were necessarily conducted under more or less standard resting conditions, e.g., postabsorptive state, supine position, etc. Much less is known about these alterations as they exist during normal daily activity, i.e., during the major portion of each day. Further studies under these conditions would appear to be of particular importance, since abnormal blood pressure responses to such stimuli as cold, pain, physical exercise, hyperventilation, breathholding, and inhalation of irritants and of carbon dioxide, have been reported in hypertensive patients. 5 Abnormal pressor and depressor responses to tilting,6 and exaggerated pressor and cardioaccelerator responses to psychologic stress7 have also been reported for hypertensive patients. Hypertensive and normotensive subjects show essentially the same variety of patterns of acute responses with regard to cardiac output, blood pressure, and peripheral resistance, when subjected to " stress interviews, " but the hypertensive subjects were observed to differ from normotensive subjects by more frequently and more or less chronically displaying a "high resistance" pattern.8 A more frequent incidence of the " resist-From the Departments of Pharmacology, Physiology, Medicine, and Surgery, Temple University School of Medicine and Hospital, Philadelphia, Pa. Supported in part by a research grant, H-2846, from the National Heart Institute, U. S. Public Health Service.
ance" type of response in hypertensive subjects has also been observed during application of the combined stimulus of the cold pressor test and mental arithmetic.9 The possible relation between these responses to environmental and psychologic stresses, and the pathogenesis of essential hypertension has been repeatedly discussed,7' 8, 10 and responses to some of these stimuli have been proposed as a possible means of distinguishing prehypertensive from normal individuals.7 10 Increased sensitivity of peripheral blood vessels to the vasoconstrictor action of epinephrine or norepinephrine in the hand," bulbar conjunctiva,'2 and nail fold'3 has been observed in hypertensive patients. Doyle and Black14 observed greater pressor responses to angiotonin, s-methyl-isothiourea, and norepinephrine in hypertensive than in normotensive subjects. On the other hand, Judson and co-workers15 found no qualitative or quantitative differences between hypertensive and normotensive subjects in their pressor responses to single intravenous doses of epinephrine.
A knowledge of the responses of hypertensive patients to various environmental stimuli has practical as well as theoretical importance, e.g., in defining the status or adequacy of a given function during exposure to such stimuli. Both experimental and clinical evidence directs attention to multiple measures of funietion in hypertensive disease (cardiovascular, renal, neurogenic, endocrine, etc.), and quantitation of responses in all of these measures to a variety of stimuli would be desirable. The present report is concerned chiefly with renal hemodynamic responses to mild stresses in hypertensive, as compared with normotensive subjects. Only 2 such stresses or stimuli are presently considered: exercise (sit-ups), and cold (cold pressor test). Renal responses to various environmen-Circulation, Volume XXII, October 1960 573 tal stimuli in normotensive and hypertensive subjects have been reported16-21 and provide a basis for the selection of effective stimuli. With the exception of emotional stress, however,20' 21 most studies have not usually involved sufficient numbers of both normotensive and hypertensive subjects to permit an adequate quantitative comparison of their renal responses to such stimuli.
Methods
Twenty-eight normotensive and 51 hypertensive patients were selected for the study from hospital and outpatient populations of Temple University Hospital. The majority of patients in each group was from the clinic rather than from private practices. All the hypertensive patients were studied previously and followed for periods varying from months to years by one of the authors (C. T. B.). Diagnosis was based on the usual clinical criteria (history, physical examination, urinalysis, blood chemistries, funduscopic examination, Fishberg concentration test); special tests were performed only when judged necessary to clarify the diagnosis (phenolsulfonphthalein excretion test, intravenous pyelograms, urea clearance, retrograde pyelograms, Regitine test, histamine test). Blood pressures in excess of 150/90 mm. Hg were required for inclusion in the hypertensive group; the large majority displayed diastolic blood pressures persistently above 100 mm. Hg. Patients displaying evidence of complications such as congestive heart failure, angina pectoris, or cerebral vascular accidents were excluded. In 43 of the hypertensive patients the diagnosis was "benign" essential hypertension; in 8, malignant hypertension.
The normotensive patients were selected with special care to exclude major illness and conditions that might conceivably alter renal function; none was seriously ill at the time of the study.
Both groups were selected to include both sexes, Negro and white races, and to encompass young, middle aged, and elderlv adults. The normotensive group ranged in age from 15 to 68 years, and included 15 women (5 Negro and 10 white) and 13 men (3 Negro and 10 white). The hypertensive group ranged in age from 21 to 64 years, and included 32 women (23 Negro and 9 white) and 19 men (11 Negro and 8 white).
All subjects were studied ini the niiorning in the postabsorptive state, and were given 500 to 700 ml. of water orally just prior to the study. Except where specified, all medications were withheld at least 1 to 2 days prior to the study; due regard was given to the known durations of actions of the medications being given. Measurements for each patient were made during 2 control periods in the supine position, during the period of stress and during 2 or more recovery periods in the supine position. The duration of each period was usually 10 minutes, but was occasionally longer (10 to 20 minutes). The renal clearance procedures were essentially those described by others. 1, 22 A constant volume (20 ml.) of sterile distilled water was used as a bladder rinse in addition to air.
A "delay period" of 6 minutes was assumed in calculating mid-point plasma values for inulin and para-aminohippuric acid (PAH). PAH was determined chemically by the methods described by Smith.22 Inulin was determined by the method of Bojesen,23 except that accurately graduated test tubes were covered with marbles rather than tight stoppers during boiling; accurate reconstitution to the original volume was made with absolute ethanol after boiling. This modification still allowed excellent conformity with Beer's law, whether determined in aqueous solution or in plasma, and plasma yield studies revealed recoveries ranging from 98.5 to 101 per cent. The inulin equivalent of glucose is small by this method and can be corrected by subtraction of a plasma blank, provided large fluctuations in blood sugar do not occur during the study. As a check against this possibility, the patients were examined for glucosuria, and periodic blood glucose determinations were made in several subjects submitted to eaeh of the two stresses. As determined by this method, the average inulin clearance (Cln) in the normotensive subjects in this study was somewhat lower than the accepted normal value. The range of values for Ci. was 54 to 142, with lowest values occurring in the older patients. However, 68 per cent of the normotensive subjects had control values for Cin within 116.5 ± 28.1, the normal value for mixed sexes derived from several sources by Smithi.17 The elearance of inulin (C:in) was used as a measure of glomerular filtration rate, and the clearance of para-aminohippurate (Cpah) as a measure of effective renal plasma flow. Renal blood flows were derived from PAR clearances and hematocrit values. Clearance values were corrected to a body surface area of 1.73 M.2 Blood pressure was measured prior to and one or more timles during each clearance period by the auscultatory method, and mean blood pressure (Pm) was calculated as diastolic pressure plus 40 per cent of the pulse pressure. Blood pressures were measured as frequently as possible during the period of stress: before and after each group of sit-ups during the period of exercise stress, and at approximately 1-minute intervals during the cold pressor test. The mean pressure for the period of stress was taken as the average of all individual readings during the period. Total renal vascular resistance (Rt) was calculated as the Circulation, Volume XXII, October 1960 ratio of mean blood pressure (mm. Hg) to renal blood flow (ml./sec.).
The stresses were applied during period three of the renal clearances, and were as follows: (1) exercise, consisting of the maximumn number of sit-ups tolerated by each patient during a 10minute period (the range of sit-ups for each group was similar, and the mean number of sit-ups as follows: normotensive, 107; benign essential hypertensive, 86; malignant hypertensive, 78; sympathectomized hypertensive, 92); (2) cold pressor test, as described by Hines,24 performed twice during a 10-minute period. The selection of these stresses was arbitrary. They are, with minor qualifications similar to normal environmental stimuli; they are convenient to apply; and they produce alterations in renal function. The cold pressor test is a noxious stimulus in addition to a localized cold stimulus. The particular exercise of sit-ups involved postural and intra-abdominal pressure changes in addition to exercise. When exercise is performed as the maximum tolerable number of sit-ups, fatigue also becomes a factor to consider. The use of the terms "exercise" or "cold" stress is not intended to exclude these other factors.
The patients studied during reserpine therapy had been receiving reserpine at a dose of 0.1 to 0.25 mg. 3 to 4 times daily for a period of 4 weeks or longer.
The technic employed for surgical sympatheetomy was the Peet procedure.25
Results

Responses to Exercise
The responses to the exercise of sit-ups in renal clearance period 3 are shown for normotensive and benign essential hypertensive groups in table 1. The data presented for each period are group averages. Numbers in parentheses refer to the number of patients in each group. Statistical comparisons of the maximal responses to exercise between normotensive and hypertensive groups are shown in table 2; "maximal response" refers to the difference between control value (mean of periods 1 and 2) and the value at the height of the response (period 3 or 4) for each patient. The data presented in table 2 are averages of these maximal responses for each group.
The untreated hypertensive subjects had, for 3 weeks or more prior to the study, received no antihypertensive drug except phenobarbital, which was discontinued 1 or 2 days prior to the study. The sympathectomized hypertensive subjects were studied 7 days to Circulation, Volume XXII, October 1960 3 years after sympathectomy. A comparison of the maximal responses in these 4 patients before, and 7 to 107 days after, sympatheetomy is shown in table 3. As a group, the sympathectomized hypertensive subjects were judged, on the basis of clinical studies, to have more severe disease prior to sympatheetomy than the patients in the other hypertensive groups.
As shown in table 1, all 3 hypertensive groups displayed lower control values for the clearances of inulin and PAH and higher control values for filtration fraction, mean arterial pressure, and renal vascular resistance, in comparison with the normotensive group. On the other hand, the average pattern of response to exercise was similar in normotensive and hypertensive groups: decreases in renal clearances, and increases in filtration fraction, mean arterial pressure, and renal vascular resistance. This general pattern of response was satisfactorily consistent, with the exception of some of the treated or sympathectomized hypertensive subjects. None of the 16 normotensive persons and only 1 of the 8 untreated hypertensive patients failed to show a definite decrease in Cpah, and only 1 of each group failed to show a definite increase in renal vascular resistance. Changes in Cin were less uniform, 3 of the 16 normotensive and 1 of the 8 untreated hypertensive subjects showing only a slight or negligible decrease, and 2 of the normotensive and 1 of the hypertensive group showing slight or negligible increases.
There were certain quantitative differences between groups. As shown in table 2, the untreated and reserpine-treated hypertensive subjects showed a significantly greater increase in renal vascular resistance than did the normotensive ones. Also, the reserpinetreated hypertensive group showed a tendency, although not statistically significant, to respond less than the untreated hypertensive group. The interpretation of quantitative changes in renal vascular resistance, however, is another matter (see Discussion).
In the majority of the sympathectomized hypertensive subjects the renal responses to Ci,, inulin clearance; Cpah, para-aaiinohippuric acid; FF, filtration factor; P., nieanl blood pressure; Rt renal vascular resistance. exercise were minimal. The effect of sympathectomy on these responses is best shown in table 3 for the 4 patients studied both before and after sympathectomy. The results were consistent in each of the 4 patients.
Responses to Cold Pressor Test
The responses to the cold pressor test in renal clearance period 3 are shown for normotensive and benign essential hypertensive groups in table 4. The data for each period are group averages. Statistical comparisons for maximal responses are shown in table 2. Again the hypertensive subjects showed lower control values for renal clearances, and higher control values for filtration fraction, mean arterial pressure, and renal vascular resistance. In general the renal responses to this stimulus were less marked than, but just as consistent as, the responses to exercise. Quantitative differences in the responses between the normotensive and hypertensive subjects were also not so great as they were with exercise (table 2). While the result was not statistically significant, the untreated hypertensive subjects again showed a greater average increase in renal vascular resistance. The reserpine-treated group showed a definite tendency to respond less than untreated hy- pertensive subjects. In this experiment the 9 treated patients were selected from the untreated group, and were, therefore, studied both before and during treatment. The control values (periods 1 and 2) were unaffected by treatment. However, the tendency for reserpine to reduce the magnitude of the renal responses (Cpah, R,) to the cold pressor test was observed in 7 of the 9 patients. Pressor responses to the cold pressor test did not appear to be reduced by reserpine, however. There was no significant difference in either the systolic (Ps) or diastolic (Pm) pressor responses between the normotensive and either of the hypertensive groups.
The sympathectomized hypertensive patients showed minimal renal responses to the cold pressor test, as was the case for exercise stress. Three patients were subjected to the cold pressor test both before and after sympathectomy; the results were consistent in each of the 3 patients (table 3) . While the pressor responses were unaffected, the renal responses were considerably reduced by sympathectomy.
Responses of Malignant Hypertensive Patients
The responses of patients with malignant hypertension to the stress of exercise are shown in table 5 this group, whether treated or untreated, showed little or no response to exercise. One additional patient studied both before and after sympathectomy did respond to the cold pressor test before sympathectomy with decreases in renal clearances and increases in filtration fraction, mean arterial pressure, and renal vascular resistance. These responses were abolished by sympathectomy. The control values (periods 1 and 2) for the malignant hypertensive group showed more severe departures from normal than did the control values of the benign hypertensive groups.
Discussion
The findings of reduced renal clearances of inulin and PAH, and elevated renal vascular resistance during control periods in the majority of essential hypertensive, as compared with normotensive subjects were expected on the basis of previous reports.1 ' 26, 27 In the majority of hypertensive subjects in this study both Ci, and Cpah were reduced below the mean value for the normotensive group, but Cpah was nearly always reduced proportionately more than Cin with a resultant increase in filtration fraction. Only 6 of the 51 hypertensive patients had control values for Cj, at or above the mean value for the norlilotensive group. Only 1 of 51 hypertensive patients had a control value for Cpah at or above the mean value for the norniotensive subjects, and renal vascular resistance in this patient was well below the normotensive mean.
Quantitative comparisoni of the renal responses to stress between normotensive and hypertensive subjects was the major object of this investigation. The gelneral pattern of the responses to such stresses in both normotensive and hypertensive groups was known beforehand. Quantitatively, the similarities in the renal responses to stress between normotensive subjects and those with benign essenitial hypertension were more striking than the differenees. Both normotensive and untreated hypertensive groups responded to exercise and to cold with similar changes in Ci,. and
Cpah. When compared with respect to changes in renal vascular resistance, the hypertensive subjects appeared to respond with greater increases than did the normotensive ones. A similar difference between the renal responses of normotensive and hypertensive subjects has been observed during the application of emotional stress.20' 21 The question arises whether or not this hyperreactivity in terms of renal vascular resistance should be interpreted as renal vascular hyperreactivity. The answer to this question depends upon the definition of "vascular hyperreactivity." Hines'0 used the term "vascular reactivity" as meaning a quick rise in blood pressure unassociated with an increase in cardiac output, and considered to result from increased peripheral resistance produced by vasoconstriction. He defined as "vascular hyperreactors" those persons with usually normal blood pressure who show marked reactions in diastolic pressure to various stimuli. Other investigators have implied the existence of vascular hyperreactivity in hypertension on the basis of greater reductions in blood flow," and visible constriction of blood vessels'2' 13 in re-sponse to vasoconstrictor stimuli. As pointed out by Redleaf and Tobian,28 however, increased vascular responsiveness in terms of blood pressure, blood flow, vascular resistance, or visible blood vessel constriction may be more apparent than real. If one considers vasoconstrictor responses in terms of vascular smooth muscle shortening, it is apparent from Poiseuille's law that an equivalent degree of smooth muscle shortening would cause a far greater increase in resistance to flow in the already narrowed vessels of hypertensive subjects, than in the vessels of "normal" diameter in normotensive subjects. 28 the results of this study is that hypertensive patients, even though they show reduced values initially, respond to the stresses of exercise and the cold pressor test with as marked reductions in glomerular filtration rate and renal plasma flow as do the normotensive ones. In hypertension, therefore, these funetions may be more severely compromised during most of a 24-hour day than is indicated by resting values.
The results also indicate that sympatheetomy reduces or abolishes the acute renal responses to these stresses without necessarily affecting resting values. The results suggest that the responses are mediated, at least in part, by the sympathetic nervous system. Diminution or reversal of the renal responses to the cold pressor test10 and to emotional stress20 following sympathectomy has been reported. Wilkins and co-workers,19 however, observed no effect of splanchnicectomy on the renal responses to venous congestion of the limbs. Reserpine, which acts centrally to suppress some sympathetic responses, also appears to diminish the renal responses to the stresses of exercise and the cold pressor test in the majority of hypertensive patients. Reserpine did not affect control or resting values, however. Procedures that effectively and consistently prevent or reduce these responses to stress might be expected to improve renal function as it exists during normal daily activity. This point requires further investigation.
The relative lack of responsiveness in the majority of patients with malignant hypertension may be due either to a more nearly maximal vasoconstriction initially or to organic vascular disease rendering the vessels unresponsive. Summary
Renal responses to stress were studied in 28 normotensive and 51 hypertensive patients. Renal clearances of inulin and PAH, filtration fraction, arterial blood pressure, and renal vascular resistance were determined in each patient immediately before, during, and after exercise (sit-ups), or the cold pressor test.
In the control periods immediately before stress the majority of patients with essential hypertension displayed reduced values for inulin clearance (Ci,) and clearance of paraaminohippurate (Cpah) and increased values for filtration fraction and renal vascular resistance, when compared with normotensive groups. These abnormalities were more severe in malignant hypertension than in benign essential hypertension.
The pattern of response to stress was similar in normotensive and untreated hypertensive patients: reduction in Ci,, and Cpah, and increases in filtration fraction, blood pressure, and renal vascularresistance. These responses were more marked with exercise than with the cold pressor test. These responses to stress were also quantitatively similar in normotensive and untreated hypertensive subjects, except for renal vascular resistanee, which was increased more in the hypertensive groups. Hyperreactivity in terms of vascular resistance, however, is not necessarily indicative of vascular smooth muscle hyperreactivity. The renal responses to exercise or the cold pressor test were reduced or abolished in hypertensive subjects by sympathectomy, and were diminished, in the majority of patients, by therapy with reserpine. Neither sympathectomy nor reserpine affected control (prestress) values for renal clearances or renal vascular resistance, however.
The majority of patients with malignant hypertension, though showing severely reduced values for Cin and Cpah, and marked elevations in renal vascular resistance initially, showed minimal renal responses to exercise or the cold pressor test. jacer ad seder) o le application del essayo cryopressori.
Durante le periodos de controlo immediatemente ante le stress, le majoritate del patientes con hypertension essential monstrava reducite valores in le clearance de inulina (Cin) e le clearance de paraaminohippurato (Cpah) e elevate valores pro le fraction de filtration e le resistentia reno-vascular in comparation con le patientes normotensive. Le anormalitates esseva plus sever in hypertension maligne que in hypertension essential benigne.
Le modo del responsa al stress esseva simile in patientes normotensive e in nontractate patientes hypertensive, i.e., illo comprendeva reductiones de Ci.
e Cpah e augmentos del fraction de filtration, del tension de sanguine, e del resistentia reno-vascular. Iste responsas esseva plus marcate con exercitio que con le essayo cryo-pressori. Le mentionate responsas a stress esseva etiam simile in lor valores quantitative in subjectos normotensive e in nontractate subjectos hypertensive. Le sol exception de iste regula esseva le resistentia reno-vascular que se monstrava plus marcatemente elevate in in le gruppo hypertensive. Tamen, hyperreactivitate in le resistentia vascular non reflecte necessarimente hyperreactivitate del parte del musculo lisie del vasos.
Le responsas renal a exercitio o al essayo cryopressori esseva reducite o abolite per sympathectomia in subjectos hypertensive. In le majoritate del patientes illos esseva reducite per administrationes therapeutic de reserpina. Ni sympathectomia ni reserpina afficeva le valores de controlo (de ante le stress) pro le clearances renal o le resistentia reno-vascular.
Le majoritate del patientes con hypertension maligne-ben que illes monstrava severmente reducite valores pro Cin e Cpa11 e mareate elevationes del resistentia reno-vascular sub conditiones de controlomanifestava responsas minimal a exercitio e etiam al essayo cryo-pressori.
